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Abstract: The discovery of a Roman mosaic from the 2nd century AD in Cantillana (Seville) gen-
erated interest and the need for exhaustive documentation, so that it could be recreated with real
measurements in a 3D model, not only to obtain an exact replica, but with the intention of analyzing
and studying the behavior of two main geomatics techniques. Thus, the objective of this study was
the comparative analysis of both techniques: near object photogrammetry by SfM and terrestrial laser
scanner or TLS. The aim of this comparison was to assess the use of both techniques in archaeological
excavations. Special attention was paid to the accuracy and precision of measurements and models,
especially in altimetry. Mosaics are frequently relocated from their original location to be exhibited in
museums or for restoration work, after which they are returned to their original place. Therefore, the
altimetric situation is of special relevance. To analyze the accuracy and errors of each technique, a
total station was used to establish the real values of the ground control points (GCP) on which the
comparisons of both methods were to be made. It can be concluded that the SfM technique was the
most accurate and least limiting for use in semi-buried archaeological excavations. This manuscript
opens new perspectives for the use of SfM-based photogrammetry in archaeological excavations.
Keywords: archaeology; photogrammetry; SfM; scanner; TLS; mosaic; marble
1. Introduction
In the 1980s, the Total Station without reflector (TPS) was introduced; in the 1990s
GPS (Global Positioning System) [1] was introduced; at the beginning of the century, in the
2000s, LiDAR (Light Detection And Ranging or Laser Imaging Detection And Ranging) [2]
was introduced. In the following decade, HDS (High Definition Surveying) emerged as a
powerful technology in terms of speed, accuracy, accuracy, detail, and cost. This system is
also often referred to as Terrestrial Laser Scanning (TLS), or sometimes as terrestrial LiDAR.
However, it has yet to prove its advantages over current technologies.
The first commercial TLS system was built by Cyra Technologies in 1998 and was
later acquired by Leica in 2001 [3]. TLS hardware has improved rapidly over the past two
decades [4]. The price, size, and weight of laser scanners have fallen at a rapid rate, and
the improvement of spatial resolution and measurement speed has also improved [5].
Instruments now classically known as TPS basically record single points individually,
while TLS systems involve three-dimensional laser scanning that can record thousands of
points per second of measurement [6]. With TLS, a point cloud is obtained that is similar
to a photograph, but each point has coordinates (X, Y, Z) and an associated color in the
well-known RGB (Red, Green, Blue) format [7]. The main advantages of TLS systems
are the high speed of data acquisition and the high level of detail linked to a very high
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theoretical accuracy. In summary, current TLS systems usually have a high millimeter
spatial resolution, with an observation distance of tens of meters from the station, and the
standard error is usually ±2 mm at 25 m [8].
The first manuscript on the application of TLS for archaeology was fairly recent,
according to the Scopus database, and dates from 2007 [9], where its possible use was
suggested, but no archaeological work was performed. Later, in 2008, it was applied
in an archaeological excavation in Egypt, and the results were combined with aerial
photogrammetry [10]. These applications are slowly starting to be used, as is shown in
the related literature. One application in 2009 [11] related to point cloud modeling, and
demonstrated that it is a complex task to extract its unstructured information, requiring
powerful software tools. In the 2010s, TLS was mostly used for archaeological applications
in caves, such as in the Upper Paleolithic cave of Parpalló in Gandía [12], or in the Bronze
Age cave “les fraux”, in Perigord (France) [13].
Regarding the comparison between both methods, it is worth mentioning studies
carried out in 2002 comparing TLS and SfM photogrammetry, usually in optimal conditions
for the recording of cultural heritage, and that both methods obtained similar results [14].
Only in 2012 was TLS compared with terrestrial photogrammetry in archaeological applica-
tions [15], in particular with measurements made on a part of the Palace of Phaistos on the
island of Crete. In this case, results showed that in the recording of the data set, there were
average differences of the order of a few centimeters, highlighting the superior ability of
TLS applied on surfaces to describe the undulating portions of the walls of that settlement.
On the other hand, recent studies have shown the advantage of SfM over TLS in the study
of archaeological sites on surfaces such as petroglyphs [16].
A study comparing TLS with SfM for the evaluation of bulk densities of bulk sam-
ples [17] showed the validity of both methods with a less than 4.5% variation, but the
authors of the study do not recommend either of the two methods. However, in recent
modeling applications for building structures, a comparison between the two techniques
has been performed on the ruins of the Church of the Annunciation of the Blessed Virgin
Mary on Mount Carmel in Zagórz (Poland) [18]. Here, the authors show the advantages of
the TLS technique over SfM in the following aspects: TLS needs less GCP; with SfM, the
interior and exterior of the building must be processed separately (with the subsequent
consumption of time spent on processing); TLS can be employed in low or no visibility
situations (even at night). It should also be noted that the studies on heritage conser-
vation used TLS to compare different methods performed with SfM, i.e., TLS was used
as a control method, where 99.99% of the points have an accuracy of 1.2 cm. Therefore,
these authors considered TLS a more accurate technique than SfM [19]. This approach
has also been claimed by authors comparing the two techniques for bridge inspection and
monitoring [20]. Where all authors agree is that the SfM technique is cheaper than TLS. Up
to now, no comparison has been made for archaeological mosaics. For this reason, this case
study presents a comparison of the results of both methods, TLS and SfM, applied to a
Roman mosaic for its 3D virtual re-creation.
2. Materials and Methods
2.1. Mosaic of Cantillana
The Cantilla mosaic was found in November 2017 in the village of Cantillana (Seville),
Figure 1, in southern Spain. The exact coordinates were UTM ETRS89 H30 (250502.350 W,
4165806.514 N), equivalent to EPSG25830.
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the 2nd century AD. This was surrounded by an arcaded gallery, supported by columns, 
and there was the rim of a well, also decorated with the mosaic technique, and a marble 
drain for the evacuation of rainwater. The mosaic decoration represents an aquatic 
environment, a marine bottom with a large number of marine species with bright colors 
on a white background of tesserae and black lines that simulate the movement of the fish 
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Figure 2. Detail of the Cantillana mosaic (Spain). 
This mosaic, crowned by a well, is also decorated and surrounded by other structures 
in the Roman building to which it belongs, was extracted and restored in the Museum of 
Local History, where it is currently on permanent exposition until it is returned to the site 
where it was found after it has been adapted as an archaeological enclosure or crypt. It is, 
therefore, of the utmost importance to know with the utmost precision its geometry and 
relative positions. 
2.2. Methods 
The methods evaluated in this study, TLS and SfM, are shown in Figure 3. Previous 
works have been carried out for both methods, such as georeferencing and acquisition of 
ground control points (GCP) in the field. 
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columns, and there was the rim of a well, also decorated with the mosaic technique, and a
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This mosaic, crowned by a well, is also decorated and sur ounded by other structures
in the Roman building to which it belongs, was extracted and restor i th Museum of
Local History, where it is currently on perma ent ex osition until it is retur ed to the site
where it was found after it has been adapted as an archaeological enclosure or crypt. It is,
therefore, of the utmost importance to know with the utmost precision its geometry and
relative positions.
2.2. Methods
The methods evaluat d in this study, TLS and SfM, are shown in Figure 3. Previo s
works ave been carried out for both methods, such as geor ferencing and acquisition of
gr und control points (GCP) in the field.
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2.2.1. Georeferencing
Currently, all archaeological excavations must be georeferenced in order to have
absolute coordinates in the ffi ial reference fra e (UTM ETRS89) an to be able proceed
with their p otection [21]. In this study, Leica GPS equipment, model 1200 with GX1230
antenna and RX1250 control unit o a pole, was used. The technical specifications of this
equipme t have been described in a previous manuscript [22].
2.2.2. Ground Control Points (GCP)
One of the factors that can significantly improve the quality of the results is the use
of accurate and well distributed ground control points (GCP) [23]. Thi will allow us to
properly correlate the generated model to the values of the terrain or the object. To ensure
overal and internal accu cy, the location, distribution, and umb r of ground control
points must be taken into account when establishing them in the area of interest [24].
The GCPs taken were the corn rs of the mosaic and signific nt points of some fish
that appear a drawings in the mosaic, and of the well rim (see Figures 4 and 5). Table 1
lists the coordin tes of the GCPs and the errors made n each of th m once validat d, in
distance and pixel.
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11 250,502.596 4,165,806.482 30.185 24 0.289
12 250,503.031 4,165,804.971 30.201 15 0.463
13 250,502.005 4,165,805.997 30.748 02 0.275
14 250,502.448 4,165805.860 30.756 17 0.500
15 250,502.529 4,165805.234 30.747 15 0.600
A total station, model Leica TCR705, of angular precision 15 cc. and 2 mm + 2 ppm
linear, was used [25], (see Figure 4). The use of the total station is due to the fact that it has
greater precision than the methodologies analyzed in this study, SfM and HDS. The points
were marked with adhesive targets to fix with better precision the points to be taken with
the mini prism (see Figure 5).
2.2.3. Photogrammetry (SfM)
The photographs were taken from the ground with a CANON Powershot G3X camera,
focal length 8.8 mm and pixel size 2.4 × 2.4 microns. The cost of this equipment is usually
around EUR 500. Data acquisition was carried out following a displacement similar to
Appl. Sci. 2021, 11, 11994 6 of 15
that used in the programming of a photogrammetric flight, i.e., nadir shots (see Figure 6),
maintaining the necessary overlap both in rows and columns.
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all the phot s had been taken, they were dumped and processed with the Agisoft
Metashape program, which is based on a series of automatic algorithms. The processing
time for the 305 photos was 14 h. Of these photos, only 15% needed technician assistance,
and the others were processed automatically by the software (see Figure 7).
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A virtual 3D representation of the mosaic done with SfM can be found at the link https:
//sketchfab.com/3d-models/mosaico-terramar-o-de-los-delfines-9d38178adae4403384f9
38cf25cbc51c (accessed on 11 December 2021).
Appl. Sci. 2021, 11, 11994 7 of 15
2.2.4. Terrestrial Laser Scanning (TLS)
The TLS methodology aimed to obtain 3D information of the mosaic to reconstruct
the scanned object. This methodology has, a priori, a number of drawbacks in relation
to accuracy. These are due to internal and external factors. The internal ones are due to
the type of equipment model used [27]. The external factors are due to the type of object
surface, i.e., the material itself, which mainly affects the angle of incidence of the TLS
laser [28].
Laser scanners use different technologies for their performance. Some are time-of-
flight processors, i.e., they measure the time it takes for the emitted laser beam to travel
from the scanner to the object and back, also known as pulse processors. Others work by
phase difference, which implies that they have a periodic base signal which is modified
depending on the object upon which it hits, and the existing modular difference between
the emitted and received phase is then used to determine the distance traveled by the laser.
The latest technological advances in TLS have allowed for the development of a technique
called Wave Form Digitization (WFD), which is based on mixing pulse and phase difference
measurement technology [29]. Lasers with WFD technology emit a multitude of pulses to
record a single point, from all the records of that single point they eliminate those whose
signal is very different from the majority. The signals that are optimal are added together,
thus obtaining the measured point [30].
A Leica Geosystems P20 based on WFD technology with linear accuracy ±1 mm and
angular, vertical and horizontal 8” accuracy was used in this study. This equipment is able
to record between 50,000 and 1,000,000 points per second (see Figure 8). The cost of this
equipment is around EUR 20,000.
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ere ere t ree arking points ith the S sca er, t o inside the osaic and one
t tsi e, si ce ll t e ices i t rea related to t e safety of t e excavation, such
s str ts str ct re fastenings to keep the osaic as stable as pos ible (see Figure 8).
ar i i ts ( st- a st-7) ere at the level of the mosaic. The third
s fr t r rt ( st- ), t t is t s t t e street floor level, in order
t recor fro above, although a posteriori al the errors produced by the osaic
excavation support props had to be eliminated. Figure 9 shows the location of the parking
lots for the three scans and that of the four targets used. The targets model GZT21, Figure 9
(D-01, D-02, D-03, D-04), were installed on their corresponding magnetic supports. The
Appl. Sci. 2021, 11, 11994 8 of 15
coordinates of these targets are listed in Table 2. The resolution was programmed to capture
points at a step of 3 mm at 10 m. Scanning conditions are listed in Table 3.
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Table 2. Coordinates of targets: D-01, D-02, D-03, D-04.
Target X Y Z
D01 250,504.887 4,165,802.485 34.710
D02 250,501.280 4,165,802.133 34.706
D03 250,500.799 4,165,807.835 34.615
D04 250,503.795 4,165,808.125 34.728
Table 3. Scanning conditions.
Parameter Value
Field of view Full vault
Hz/V Area (◦) 90◦/55◦
Scan Mode Scan Only
Resolution 25.0 mm @ 10 m
Quality 3
Number ts (Hz × ) 2 1
Image Exposure Auto
White Balance Cold Light
Image Resolution 1920 × 1920
HDR Image No
Estimated Time 7 min 22 s
Once the point acquisition was finished, the points were loaded into Leica’s Cyclone
program. This software merges the point clouds taken from the different positions with the
support of the control points, i.e., the four targets already mentioned. After all the data
had been grouped into a single point cloud and correctly georeferenced, it was exported in
a format readable by other programs to allow for its management and analysis.
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3. Results
3.1. SfM
The dense point cloud obtained with SfM were 8,246,650 points with RGB (Red, Green,
Blue) color. The results achieved with photogrammetry were: a dense point cloud (see
Figure 10A), mesh without texture (see Figure 10B), mesh with texture (see Figure 10C), and
a digital elevation model (see Figure 10D). A virtual 3D representation of the mosaic done
with SfM can be found at the link https://sketchfab.com/3d-models/mosaico-terramar-o-
de-los-delfines-9d38178adae4403384f938cf25cbc51c (accessed on 11 December 2021).
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Figure 10. Results from SfM (A–D).
3.2. TLS
A cloud of 99,821 points with RGB (Red, Green, Blue) color was obtained with the
TLS once the scanning area was completed (see Figure 11). A virtual 3D representation of
the mosaic done with TLS can be found at the link https://www.pointbox.xyz/clouds/61
b1d56d99e6e097d35c48ba (accessed on 11 December 2021).
3.3. SfM vs. TLS
Figure 12 shows an overlay between the 3D model generated by SfM and the point
cloud obtained with TLS (in red). It reveals areas in which there is no representation of
the points obtained with TLS or, more precisely, that they remain hidden under the SfM
model. It is observed in Figure 12 that all the points measured by TLS on the smooth marble
surface corresponding to the sump of the mosaic are not shown in the model. Figure 13A
shows an enlargement of this area. Figure 13B shows an elevation showing that the points
taken with TLS are located below the model, with GCP406 located on the surface of the
sink as a reference.
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It is clear that there is a difference in elevation in several areas, so it was considered
necessary to perform a control measurement using a method that was not influenced by
materials or geometric layout. For this purpose, the same TCR705 total station used for
the georeferencing of the model was used. This total station was used to measure points
of the mosaic with the help of a mini prism, so that the orientation or characteristics of
the materials would not affect the measurement in any case. A total of 233 points were
taken with a wide variety in location, material, degree of inclination, and color, due to the
difference between shades represented in the tesserae of the mosaic. This method offered
an accuracy within the range provided by the total station used, i.e., ±2 mm + 2 ppm.
The comparison was made with a selected reduced area of the mosaic, (see Figure 13),
which contains all the elements where the main divergences were found (sump, base-
board, etc.).
To obtain the required area from the data obtained with TLS, the area of interest was
simply cut out of the point cloud obtained from the whole mosaic. In order to present the
chosen mosaic area with SfM, a new project with a total of 69 photographs was made. Of
the 233 GCPs measured with the total station, 18 were used, as they were marked with
stickers, so that identification was quick and accurate in the photographs (see Figure 14).
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4. Discussion
The 3DReshaper software was used to analyze the accuracy of the points between TLS
and SfM. Figure 15 shows a comparison between both models analyzed, where 96% of the
points presented an error in the range of +3 mm to −5 mm (see Figure 15). The other 3.8%
of the points varied within a range of −5 mm and −17 mm. These results are not a priori
relevant and need to be compared with more precise data, such as the GCP taken with a
total station.
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The analysis of the SfM with the GCPs using 3DReshaper is shown in Figure 16A. The
results show that the points had an absolute error greater than 1 mm, and that in no cases
did the error reach 2 mm. Considering the features of the total station used to take the
control points, where the error range is ±2 mm + 2 ppm in the determination of coordinates,
it can be concluded that the errors are below those seen in the reference materials.
By superimposing the GCPs on the high-definition mesh generated from the TLS
points, it can be observed in Figure 16B that 88.5% of the points have an error between
5 mm and −0.7 mm, while only 2.39% are between −0.7 mm and −2 mm. In addition,
9.17% of the points were between 5 mm and 13 mm. In this section, it can be observed that
these are the points of the marble sink. The cyan and red tones are where the largest range
of errors (between 5 mm and 1 cm) have appreciated, and it is there where the biggest
differences can be observed, likely because of the materials that compose the sump, such
as marble. The green tones of the baseboard are due to the angle of incidence, which in the
baseboard is different from the rest of the points of the mosaic.
Table 4 summarizes the error ranges of each method regarding the control points. It
can be observed that the technique that obtains the best results with respect to the GCPs
is SfM photogrammetry. This does not mean that the TLS method does not meet the
expectations of the GCPs, but that in the range of <2 mm, the percentage of points is higher.
In addition, it was found that there is a significant percentage of points that exceed the
threshold of ≥5 mm, in particular 9.17%, because they are points taken on the clean part
of the sink. The increase in error in this area is due to the material from which the sink is
composed, which is marble. It has been proven in the literature that the laser in materials
such as marble, goes through part of the surface and generates erroneous information in
the points measured [31]. Specifically, marble, being a porous material on its surface, causes
the laser to pass through the surface, generating an error in the altimetry of the points.
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Table 4. Absolute range of error.
≥5 mm <5 mm <2 mm <1 mm <0.5 mm
GCP vs. SfM - - 4.3% 95.6% 70.1%
GCP vs. TLS 9.17% 88.5% 2.39% - -
5. Conclusions
In this research, two geomatics techniques have been compared for the study of a
Roman mosaic in its original location for its transfer to a restoration area or museum, and
with the possibility of it being relocated in the future back to its original location. In the
present study, photogrammetry based on SfM and low-cost cameras, and terrestrial scanner
or TLS have been used, which are very widespread in archaeological excavations due to
the high precision obtained from their results and the massive collection of point clouds.
These have been compared with a more accurate method of obtaining coordinates, but that
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is limited in terms of production or amount of information, i.e., the total station, which has,
therefore, served as a control method.
In particular, it was observed that the marble area, that of the sink, was the one area
that was influenced the most in the data acquisition with TLS, obtaining points below the
elevation determined by the total station, probably because the porosity of the material
produced a slight delay in the reflection of the signal emitted by the scanner. It can be
concluded that the SfM technique is the one that comes closest to the optimal values
generated by the total station. This is not to say that TLS is not an accurate technique since
its accuracy values are very close.
In addition, the experiments performed in this study demonstrated the higher per-
formance level and simplicity of the SfM technique with respect to TLS performance. In
addition, the SfM technique is accessible to non-specialized personnel as it involves taking
photographs using a certain strategy but without the need for technical preparation. The
TLS technique, on the other hand, requires several stations and the measurement of control
points from all stations. When equipment costs are considered alongside these factors,
where the TLS technique is 40 times more expensive, but the SfM obtained 10 times more
points, photogrammetry techniques with SfM presented a clear advantage over TLS for the
accurate documentation of mosaics in archaeological excavations.
However, there are constraints to the technique of photogrammetry using SfM if it is to
be extended to other types of archaeological excavations, e.g., when the distance at which
the photographs are taken is not close to the object. In this case, the distance would be the
equivalent to the flight altitude of a photogrammetric flight. Another important limitation
is when environmental lighting conditions are not suitable; here, the TSL technique is
clearly better, for example, in caves or inside buildings.
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